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ABSTRACT 


A computer model has been developed which can generate realistic con- 
centration versus time profiles of the chemical species formed during 
photooxidation of hydrocarbon polymers using as input data a set of ele- 
mentary reactions with corresponding rate constants and initial conditions. 

The results of computer simulation have been shown to be consistent 
with the general experimental observations of the photooxidation of 
polyethylene exposed to sunlight at ambient temperatures. 

The useful lifetime (5% oxidation) of the unstabilized polyethylene is 
predicted to vary from a few months in hot weather (100°F) to almost 
two years in cool weather (45°F) with an apparent net activation energy 
of 10 kcal/mol. 

Modelling studies of alternate mechanisms for stabilization of clear, 
amorphous, linear polyethylene suggest that the optimum stabilizer 
would be a molecularly dispensed additive in very low concentration which 
can trap peroxy radicals and also decompose hydroperoxides. In principle, 
the lifetimes could then be extended over 20 years. 

The diffusion of oxygen into the polymer is not rate-limiting to the 
photooxidation process but edge seals and impervious covers could pre- 
clude any autocatalytic photooxidation and thereby extend lifetimes very 
considerably . 
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I. INTRODUCTION AND OBJECTIVES 


The JPL Flat-Plate Solar Array (FSA) Program has identified a number 
of possible configurations for modules containing silicon solar cells suitable 
for construction of solar-energy generating stations and also for small-scale 
applications involving the use of solar-generated electricity. Although it 
has been possible to meet many of the original design criteria for the cost 
of the components of these modules, a most critical feature of the design 
is that the components should maintain their integrity and function for a 
minimum efficiency equivalent to 20 years in an outdoor environment which 
features strong solar UV intensity. 


To date, a number of failure and degradation modes have been identi- 
fied. These include: 


1. Soiling 6. 

2. Cell cracking/hot spots 7. 

3. Interconnect fatigue 8. 

4. Structural failure /glass breakage 9. 

5. Electrical terminal failure 10. 


Electrical insulation breakdown 
Encapsulant thermal degradation 
ENCAPSULANT PHOTODEGRADATION 
Delamination 
Corrosion 


Any attempt to develop a technology for producing low-cost, long- 
life photovoltaic modules and arrays must therefore come to terms with 
the weathering effects experienced by the materials exposed to the sun's 
ultraviolet, oxygen, moisture and the stresses imposed by continuous thermal 
cycling, among other things. Polymeric substances which find application 
as convenient protective covers, pottants/adhesives and backcovers undergo 
slow, complex photooxidation which changes the chemical and physical prop- 
erties of these materials. Absorption of the ultraviolet in the tail of the 
solar spectrum can cause the breaking of chemical bonds, resulting in em- 
brittlement and increased permeability, or to crosslinking which can produce 
shrinking and cracks. In addition, oxidation often leads to discoloration 
and reduced transparency, and to the formation of polar groups which 
could affect electrical properties. 


Much work has already been done to unravel the complexities of the 
photooxidative processes and to develop some highly effective light (UV) 
stabilizers which can delay the onset of polymer embrittlement. Excellent 
reviews have been presented! 1] . Some polymer systems have also been 
exploited to fabricate plastics with controlled lifetimes in the short range 
. [2,3]. However, very little is known about the ultimate changes that occur 
in polymeric substances after the very long periods of exposure necessary 
for commercial photovoltaic power plants. 

There is no adequate way to predict the rates of the chemical and/or 
physical changes which occur from accelerated tests. In part, the problem 
has been that there is no reliable laboratory method to measure these effects 
inside such extended times. Furthermore, any accelerated tests (in which 
materials are exposed to higher intensity UV sources in controlled atmo- 
spheres) are of limited value in predicting rates since there is usually no 
reciprocity between intensity and time of exposure. 
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A new procedure hac been adopted in this work directed to develop- 
ing, for the first time, a reliable predictive capability for the photooxidative 
lifetime of plastic components, particularly in solar energy modules. The 
procedure includes the following steps. 

1. Identification of failure mechanisms of plastic components of the modules. 

2. Determination of the chemical or physical causes of these mechanisms. 

3. Development of precise analytical procedures to detect these chemical 
or physical changes at an early stage. 

4. Construction of a computer model using a series of elementary rate 
equations to describe the chemistry and physics of these changes. 

5. Validation of the mathematical model by comparison of data from real 
but well defined accelerated photochemical systems. 

6. Prediction of actual performance lifetime by means of real-time moni- 
toring of early degradation in appropriate outdoor locations and, using 
the computerized simulation, extrapolation to very much longer times. 

». Other workers in the FSA project have done ranking studies to select 
optimal material systems which should have tolerable levels of degradation 
in 20-25 years and yet meet the other basic design criteria. Of the prime 
candidates selected as potential pottant materials, an encapsulant grade of 
a copolymer of ethylene-vinyl acetate (EVA, trade name ELVAX, from 
DuPont) has emerged as a front-runner beside the alternate poly(n-butyl 
acrylate) (PnBA) . We have, therefore, selected EVA as the polymer for 
which this new predictive capability will be developed. However, the 
general method, once refined and demonstrated, should find wide application 
to a wide variety of synthetic materials where a large number of fundamental 
reactions gives rise eventually to macroscopic deterioration. Most importantly, 
this new approach should provide new insight and understanding of this 
complex photooxidation process which should prove invaluable in the design 
of new solutions to the problem of stabilization of polymers. 


II. THE COMPUTER PROGRAM 

Numerical methods for the solution of any large set of coupled differen- 
tial equations have been developed. The particular method originally due to 
Gear[4] has been applied by Allara and Edelson for the pyrolysis of alkanes 
[5] and Liter by others[6,7] for similar processes. Smog formation and de- 
tailed small-molecule photochemistry have also been studied by these numeri- 
cal simulations! 8] . Semi-quantitative prediction has been possible in these 
cases. However, our work is the first attempt to simulate photooxidation 
kinetics in the case of polymers. 

The computer package necessary to generate concentration-time profiles 
from a mechanistic model of elementary reactions and rate data was completed 
in the first two years. Our model now consists of a set of reactions (Table 
I) for the basic reaction sequence based on the now well established 
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mechanism of hydrocarbon oxidation. Rate parameters have been assigned 
to these fundamental equations, based on our best estimates from the litera- 
ture[9]. The modified program calculates by stepwise integration in real 
time the varying concentrations of chemical species formed during photo- 
oxidation. To validate our numerical procedure we employed the data base 
given for the cesium flare system and generated curves identical to those 
of Edelson[10] for the same system. The excellent agreement between pre- 
dicted and actual rate curves showed that the program itself (irrespective 
of the data base) is reliable, efficient and versatile and it performs in a 
satisfactory manner. 


III. MECHANISM OF PHOTOOXIDATION 
Amorphous Polyethylene 

As a starting point for polymer photooxidation we have looked at amor- 
phous high-density polyethylene where we presume that short-range dif- 
fusion rates in reaction centres should approach that of viscous liquids. 

In practice, many polymers will show only chemical changes in the hydro- 
carbon moiety since bond breakage will commonly take place initially in the 
more labile C-H and. C-C bonds. Initiation will take place following UV 
absorption by ketone or hydroperoxide groups or even fortuitously by some 
C-H bond cleavage. The possibilities of energy transfer among different 
groups have also been included in the model. Propagation takes place 
via the formation of peroxy radicals followed by hydrogen atom abstraction 
from the backbone and repeated, fast oxygen-addition. Peroxy radical 
chain carriers terminate by disproportionation to form alcohols and ketones. 
Further photolysis of ketone products leads to another autocatalytic chain. 
The reduced set of important reactions considered and the best literature 
estimates of corresponding rate constants have been summarized in Scheme I. 

Ethylene -Vinyl Acetate Copolymer 

Several studies have been carried out on the thermal degradation [ 11-13] , 
thermal oxidation! 14, 15] and photooxidation [ 16] of EVA. 

EVA thermally degrades in two stages. Scission of acetoxy groups 
occurs at 275 to 350°C in a manner similar to that of poly(vinyl acetate) 

(PVA) causing elimination of acetic acid and giving unsaturation by a 
molecular chain mechanism involving adjacent acetate units. The hydro- 
carbon chains of the polymer residue degrade above 400°C . Thus , thermal 
decomposition of the acetate groups in EVA can be assumed to be negligible 
at room temperature. 

Thermal oxidation of EVA occurs mainly in the PE segments where the 
usual autocatalytic radical mechanism is analogous to that of polyethylene. 

The accompanying thermal degradation of the vinyl acetate units results in 
the evolution of acetic acid and generation of unsduration, as mentioned 
previously. Subsequent oxidation of the unsaturation was reported to pro- 
duce various carbonyl-containing compounds, including aldehydes, ketones 
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esters and acids. Again, it is apparent that thermal oxidation will be 
limited to the PE moiety at ambient temperatures. 

The photooxidation of EVA has been reported only by Lugova et al. 

[16] employing UV irradiation in air at room temperature. Their work 
suggests that the oxidation of the ethylene units and the photoreactions 
of the acetate chromophores proceed independently of each other, essen- 
tially In a parallel fashion. 

The above results indicate that a generalized mechanism of photooxi- 
dation of EVA can be constructed using the known polyethylene photooxida- 
tion mechanism as a model for reactions expected to occur in the hydro- 
carbon portion of EVA. Similarly, information can be extracted from studies 
of the photooxidation of PVA and of acrylate polymers which allows formula- 
tion of the fundamental photochemical processes expected for the acetate 
groups in EVA. Some modifications to the present model for polyethylene 
will therefore be necessary to allow for the differences due to substitution 
in EVA. 


IV. COMPUTER MODELLING OF PHOTOOXIDATION 

We have already shown that many of the general experimental observa- 
tions in the photooxidation of hydrocarbon polymers can be accounted for 
by computer simulation, using the elementary mechanism and corresponding 
rates (e.g., Figure 1). Computer simulations of photooxidation for amor- 
phous linear hydrocarbons have shown the following patterns of general 
behavior. 

1. The time to failure, if (chosen as the level of 5% C-H bond oxidation, 
which is within the range we would anticipate for marked change in 
mechanical properties) varies as the inverse square root of the light 
intensity (Figure 2). However, is almost unaffected by both the 
photoinitiator type and concentration (Figure 3) . 

2. The time to failure decreases with the rate of abstraction of C— H by 
peroxy radicals (Figure 4) but increases with the rate of bimblecular 
radical termination controlled by diffusion (Figure 5) . 

3. Of the various stabilization mechanisms considered (Scheme II), the 
trapping of peroxy radicals is distinctly the most effective (Figure 6) , 
although the concommitant decomposition of hydroperoxide is also desir- 
able (Figure 7) . 

4. For a partially crosslinked polymer where the physical properties are 
not steep functions of crosslink density, it is unlikely that there will 
be dramatic failure modes due to net changes in molecular weight of the 
polymers (Figures 8-10). 

5. Energy loss (power loss) due to polymer light absorption (with yellowing 
discoloration) will not be a significant failure mode (Figure 11) . 
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6. Since the all-important peroxy radicals terminate by bimolecular dis- 
proportionation, at low concentrations they could have lifetimes of up 
to several hours, which would affect the extent of dark reactions in 
the daily cycle during outdoor applications (Figure 12). 


V. THE EFFECT OF TEMPERATURE 

For outdoor applications, the variation of temperature will have im- 
portant effects on the useful lifetimes of hydrocarbon polymers. This 
has been the focus of the past year. To accommodate thermal variables, 
the rate constants were expressed in terms of the Arrhenius parameters, 

A (the pre-exponential factor) and E (the activation energy). This naturally 
multiplied the mathematical complexity in the program which now has more 
than 100 different parameters. Many of the species in the complex pro- 
cess undergo a number of competitive pathways, the relative importance 
of each being often sensitive to small changes in the calculated rate con- 
stant values. In addition, the different magnitudes of the activation energy 
caused various changes in the relative importance of the different key pro- 
cesses of propagation and termination with changes in operating temperature. 
No attempt has been made as yet to model thermal oxidation at elevated 
temperature, but even at moderate outdoor temperature (100°F) the decom- 
position of hydroperoxides does become significant. 

ROOH — — > RO’ + OH’ 

Five such decomposition reactions (numbers 52 to 56) were then included 
in the basis set (Table 1). 

Figure 13 shows the variation of time to failure (5% oxidation) with 
temperature. The decrease in lifetime with no stabilizer is more or less 
as expected, ranging from a few months in hot tropical weather, 310 K 
(100°F), to almost two years in cool weather, 280 K (45°F). An attempt at 
a typical Arrhenius plot (Figure 14) shows an "apparent net activation 
energy" of 10-16 kcal/mol near atmospheric temperatures (280-310 K). Ex- 
perimental values of 16-35 kcal/mol for the dependence of the induction 
period In polyethylene oxidation have been reported at temperatures above 
380 K [17]. For thick films the observed value is as low as 10 kcal/mol [18]. 


VI. OXYGEN-DIFFUSION 

We have re-examined more closely the importance of oxygen addition 
to carbon-centred radicals in our mechanistic scheme. Until now, we had 
assumed that in air. there is a sufficient concentration of oxygen dissolved 
in the polymer ( 10“ ^ M) and the rate of addition to carbon-centred radicals 
was so fast k >10®) that all other reactions of the latter were excluded. 

In fact, the products of those reactions leading to carbon-centred radicals 
were written as peroxy radicals in one concerted step. 


JPL 055591 — 9 


In the gas phase, the rate of oxygen addition to ethyl radicals has 
been measured at 4.2x109 by Sleepy and Calvert [19]. In solution, there 
are no data for reaction of alkyl radicals with oxygen because the reaction 
is so fast that the oxygen pressure must be maintained at a very low 
value [20]. But in the polymer phase, the question remains whether the 
addition is truly limited by diffusion or alternatively the static model of 
Perrin [21] is more appropriate — namely, that each carbon-radical centre 
will inevitably add any oxygen molecule found within a finite sphere so that 
the rate shows a dependence only on the distribution related to concentration. 

To examine this we replace all the alkyl radical-producing equations, 

X — -> RO * or SMR0 2 ‘ 


with two independent steps, (i) followed by (ii): 

(i) 


X 

X' 


-> R ’ 


-> SMR* 


m > ro 2 ' 


-> SMR0 2 * 


In addition, we also included other reactions of alkyl radicals such as 
recombination, disproportionation, H-abstraction and addition to other 
radical intermediate species. We could then vary the rate of oxygen addi- 
tion (related to diffusion). 


-(d/dt)[R’] = k 54 tR’][0 2 ] 


Under typical conditions, the concentration of alkyl radicals (R‘) was of 
the order of 10" 1 ® M which is exceedingly low. We found that for autoac- 
celeration to occur the rate constant ks^ ^ 10” 15 which is obviously too fast 
for any dynamic (collisional) process, suggesting that the static quenching 
model may be more appropriate (with a quenching sphere of radius v70&, 
corresponding to a distribution of 10“® M oxygen). 

Alternatively, autoacceleration does occur if the concentration of 
alkyl radicals is increased by making the light intensity levels two to four 
orders of magnitude greater. This would be arbitrary, though, having 
no experimental basis in outdoor applciation. Thus, even in the induction 
period, the autocatalysis by the peroxy radicals is necessary to generate 
the levels of radical concentration to observe photooxidation in any reason- 
able time frame. It is also this early influence of the peroxy radicals which 
makes the process almost insensitive to the nature and concentration of 
initiator . 


It seems therefore that, in practice, the diffusion of oxygen is not 
rate limiting to the photooxidation process in air. The rate of photooxida- 
tion is too slow without autocatalysis and the autocatalysis becomes independent 
of the diffusion rate as long as this rate can replenish the oxygen consumed 
to maintain its steady concentration, typically of order 10“3 m. 
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In some practical designs, it may be convenient to use edge seals and 
impervious covers such as glass which could preclude any autocatalytic 
photooxidation ano. thereby extend lifetimes very considerably. 


VII. ACCELEROMETER STUDIES 


In support of the computer modelling of the photodegradation of poly- 
mers being carried out at the University of Toronto, EcoPlastics Limited 
have studied the effect of exposure of several polymer systems to photooxi- 
dation in a UV Accelerometer. The intent was to use samples of ethylene/ 
vinyl acetate (EVA) copolymers provided by Springborn Laboratories. How- 
ever, the samples were not in a suitable form for either accelerated weather- 
ing or outdoor exposure. It is understood that samples of the polymers to 
be used in practical FSA applications are crosslinked and do not show the 
problems evidenced by the samples received. The latter showed problems 
of flow and sag at temperatures greater than 35°C and excessive tackiness 
which resulted in significant buildup of dirt on the samples, expecially 
those exposed outdoors. 

In the tests reported here, therefore, polyethylene copolymers contain- 
ing various types of carbonyl groups were exposed to accelerated weathering 
and the photooxidation was monitored by the buildup of carbonyl functions 
as del >rmined by the infrared spectra. 

Apparatus Used 

The American Ultraviolet Co. UV Accelerometer consists of a medium 
pressure lamp in the centre of a cylinder. The samples were placed on the 
cylinder which was then rotated around the lamp. The lamp is enclosed by 
a Pyrex tube which effectively screens out any unwanted low wavelength 
light. The major components of the lamp are of 298 and 313 nm wavelength. 
The lamp generates some heat and the samples were subjected to tempera- 
tures of 38-42°C during exposure. 


The carbonyl absorbance of the compression-molded films was measured 
on a Bausch and Lomb Spectronic 250 IR over the range 2000 - 1250 cm"*. 

In order to minimize the effects of variation of absorbance at 1710 cm“l 
with thickness, the absorbance is normalized by dividing out the absorbance 
' of a CH-bending motion transition of the polymer observed at 1375 cnT*. 
Thus the results are presented as 


Z 


A I? IQ /A 


1375 


where Aj^q is the absorbance of the film at 1710 cm” 1 and A 1375 is the 
absorbance of the film at 1375 em“l. 


The hours of exposure in the Accelerometer were converted into inci- 
dent dose by means of an actinometer which monitors the photodegradation 
of a polystyrene /methyl isopropenyl ketone copolymer by determining its 
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decrease in molecular weight on irradiation. The polymeric actinometer 
has been calibrated against a chemical actinometer from which the incident 
dose on the samples in Jouie/cm^ at 313 nm can be calculated. Thus the 
results to be reported here give the amount of carbonyl functions Z as a 
function of the incident dose. 

Irradiation was continued until the film became brittle. Brittleness 
was measured by the ability of the film to withstand creasing. The film 
was bent back on itself and a crease formed by applying finger pressure 
on the bend. If the film broke at the crease, or broke as it was returned 
to its flat position, it was considered brittle. 

Materials 

The following polymers were tested. 

1. Low density polyethylene (Union Carbide). 

2. Ethylene/carbon monoxide copolymer containing 1% w/w carbon monoxide 
(Eastman Kodak) . 

3. Ethylene /methyl isopropenyl ketone copolymer containing 2% w/w methyl 
isopropenyl ketone (Dutch State Mines) . 

4. Ethylene /carbon monoxide copolymer containing 3% w/w carbon monoxide 
Eastman Kodak) . 

5. A graft terpolymer of ethylene, methyl vinyl ketone and styrene contain- 
ing 3% methyl vinyl ketone and 3% styrene. 

6. h. ‘ lend of low density polyethylene (polymer no. 1) and an ethylene/ 
carbon monoxide copolymer (polymer no. 2) in the ratio 80 parts polymer 
no. 1 to 20 parts polymer no. 2. 

7. A blend of low density polyethylene (polymer no. 1) and an ethylene/ 
methyl isopropenyl ketone copolymer (polymer no. 3) In the ratio 80 
parts polymer no. 1 to 20 parts polymer no. 3. 

The blends were prepared on a two-roll mill and other samples were 
worked on the mill for the same length of time (3 min) to ensure similar 
thermal history before irradiation. Films were prepared by compression 
molding in a Carver press using 20,000 psi for 30 s at 180°C. Samples 
were cut to be 4 cm x 1 cm x 80 ± 5 ym. The samples were then attached 
to a holder. 

Weathering 

The samples were ejeposed to the UV light of the Accelerometer for 
set periods of time and then removed for testing. Initially only the infra- 
red spectrum was measured but as degradation proceeded, the films were also 
tested for brittleness. Two samples of each composition were exposed, 
only one of which was tested for brittleness since too many creases would 
affect the results. When the creased film became brittle, the result was 
confirmed by testing the second film. If this film was not brittle, exposure 
was continued until brittleness was achieved. Unless the required exposure 
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was more thAn a further exposure period, the difference is not noted. The 
results are given in Table 2 and shown graphically in Figure 15. 

It will be observed that while most of the films become brittle at a 
Z value of 6 or higher, sample no. 3, the MIPK /ethylene copolymer, be- 
comes brittle at a Z value of about 4. This is not surprising since this 
polymer has a high efficiency of chain scission which does not necessarily 
lead to formation of oxygenated species. 

The general observation that the absorbance shows a linear dependence 
on the dose of incident UV is consistent with the predictions of the computer 
model[22]. The apparent induction period shown for low-density polyethy- 
lene and the blend of polyethylene and a copolymer with carbon monoxide 
underlines the importance of modelling the chemical changes taking place 
long before the physical effects become apparent. 
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FIGURE 1. Photooxidation of unstabilized PE. 



FIGURE 2. Photooxidation of unstabilized PE. 
Time to failure as a function of light intensity. 
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FIGURE 3. Photooxidation of unstabilized PE. 
Time to failure as a function of initiator type 
and concentration . 



FIGURE 4. Photooxidation of unstabilized PE. Time 
to failure as a function of propagation rate constant. 
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FIGURE 11. Effect of molecularly dispersed 
stabilizer on diketone formation. Stabilizer 

— fi 

concentration, c (x 10 wt %) . 



FIGURE 12. Lifetime of peroxy radicals in the dark. 

(t.,, in sec) 








FIGURE 15. Photooxidation of carbonyl-containing polymers 
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Table 3b Ultra-violet absorbance changes of low density Polyethylene flla ’able 3c Absorbance difference (at asxlaa) for low density Polyethylene 
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Table 12 («, b, c) UV absorbance changes of (a) uncroeo-1 inked and (b) cross-linked EL VAX 130 films 
and <c) low density Polyethylene films with outdoor exposure tine 


UV absorbance at 270 cm 

Outdoor Exposure Film Samples Film Samples 

Toronto Sumer Days ELVAX 150 uncross -linked ELVAX 150 cross-linked 

Unexposed Duplicates Unexposed Duplicates 


Film Samples 

Polya thy lano (low density) 
Unexposed Duplicates 



t E21S 

t 86 

1 223 

« R83 

* R62 

# 47 

* U2 

# 84 

t 167 

0 

0.339 

0.420 

0.465 

0.441 

0.496 

0.304 

0.563 

0.609 

a 

0.501 

0,506 

0# 339 

0.381 

0.471 

0.460 

0.450 

0.510 

0.570 

0.6495 

0.630 

2.B62 

0.3675 

0.43 

0.534 

0.501 

0.528 

0.579 

0.375 

0.672 

0,660. , 

5.3824 

0.369 

0.407 

0.597 

0.507 

0.556 

0.600 

0.576 

0.744 

0.687 

7.474 

0.369 

0.561 

0.627 

0.501 

0.642 

0.705 

0.564 

0.735 

0.706 

10.107 

0.372 

0.613 

0.677 

0.504 

0.690 

0.730 

0.566 

0.767 

0.747 

Slope n 

0.0033 

0.0241 

0.0215 

0.0013 

0.0246 . 

0.0236 

0.0001 

0.0147 

0.0137 

Correlation 

0.64999 

0.99716 

0.99546 

0.70191 

0.98923 

0.97974 

0.07131 

0.94786 

0.97796 


Table 13 (a, b, c) 


Changes of UV absorbance of (a) uncross-linked and (b) cross-linked ELVAX 150 films 
and (c) low density Polya thy lane films with outdoor exposure time 


UV absorbance difference at 210-220 cm 

Outdoor Exposure Film Samples Film Samples Film Samples 

Toronto Sumer Beys ELVAX 150 uncross -linked ELVAX 150 cross-linked Polyethylene (low density) 

Duplicates Duplicates Duplicates 



I B6/R2L9 

# 223/R219 

i 62/R83 

# 47/R63 

t 84/812 

t 167/812 

0 

0.4145 

0.096 

0.0416 

-0,1581 

0.063 

0.027 

0.506 

0.261 

0.096 

- 

- 

0.129 

0.096 

2.862 

0.327 

0.1950 

- 

-0.1251 

0.2016 

0.1719 

5.3624 

0.3798 

0.3039 

- 

-0.168 

0.3056 

0.2049 

7.474 

0.525 

0.3501 

-0.267 

0.0366 

0.3122 

0.2742 

10.107 

0.558 

0.393 

-0.135 

0.2346 

0.3699 

0.327 

Slope m 

0.033 

0.0314 

0,0501 

0.0846 

0.0286 

0,0271 

Correlation 

0.9753 

0.97893 

1.0 

0.99715 

0.96503 

0.97678 


ORlGfNAL PASS'lB’ 
POOR QUALITY 


Tftblt 14 (i r b, c) tJV abaorbanca changes of (a) unc rose -linked and (b) cross-linked EVA (Formula A9916) 
and (c) c rose-linked EVA (Formula A9916 + lupersol 101) film* vlth outdoor exposure 

time 


UV abaorbanca at 400 m 

Outdoor Exposure Flla Samples PI la Samples Fllxa Semple* 

Toronto Summer Days EVA (A991B) us c rot i -linked EVA (A9918) cross-linked EVA <A9918) ♦ catalyst cross -linked 

Unexposed Duplicates Unopposed Duplicates Ooexpossd Duplicates 



# Ul] 

# 212 

# 221 

# R4SA 

t 96 

* 216 

# un 

# 64 

$ 16 

0 

0.243 

0.163 

0.216 

0.246 

0.210 

0.195 

0.249 

0.258 

0.294 

0.506 

0.269 

0.206 

0.219 

0.258 

0.237 

0.209 

0.256 

0.257 

0.263 

2,062 

o.3oe 

0.23? 

0.254 

0.275 

0.252 

0.223 

0.256 

0.280 

0.292 

5.3824 

0.346 

0.274 

0.309 

0.289 

0.291 

0.246 

0.263 

0.328 

0.387 

7.474 

0.352 

0.292 

0.328 

0.287 

0.323 

0.281 

0.263 

0.361 

0.402 

10.107 

0.358 

0.333 

0.363 

0.283 

0.362 

0.324 

t t 

0.263 

0.400 

0.444 

Slope s 

0.0112 

0.014 

0.01151 

0.0036 

0.0141 

0.012 

0.0012 

0.0154 

0.0176 

Correlation 

0.93521 

0.99233 

0.99419 

0.83493 

0.99216 

0.98304 

0.85857 

0.98529 

0.95936 


Table 15 (t, b, c) UV abaorbanca changes of (a) uncross -linked and (b) cross-linked EVA (Formula A9918) 
and (c) cross-linked EVA (Formula AV918 + Luperaol 101) films vlth outdoor exposure 
tic* 


UV abaorbanca _ at 327 t» 

Outdoor Exposure Film Sample* Film Samples Film Samples 

Toronto Sumer Days EVA (A991B) uncross -linked EVA (A9918) cross- link ed HVA(A9918) ♦ catalyet 



0autpn.«d 
f R213 

Dupllut*. 
# 212 # 221 

Unaxpoa.d 
1 K454 

Dvpllct.. 

* 98 # 216 

Cotzpocl 
t RST2 

Duplies*. 
#64 #16 

0 

0.933 

0.968 

1.012 

0.789 

0.951 

1.004 

0.729 

0.870 

1.066 

0.506 

0.963 

0.993 

0.971 

0.802 

0.973 

1.027 

0.778 

0.870 

1.064 

2.862 

1.024 

1.025 

1.063 

0.840 

0.986 

1.052 

0.764 

0.896 

1 .100 

5.3824 

1.087 

1.066 

1.123 

0.894 

1.050 

1.078 

0.778 

0.944 

1.219 

7.474 

1.096 

1,078 

1.131 

0.839 

1.055 

1.105 

0.755 

1.002 

1.210 

10.107 

1.102 

1.114 

1.171 

0.863 

1.085 

1 .139 

0.760 

1.008 

1.244 

Slope m 

0.0171 

0.0136 

0.0197 

0.0089 

0.0131 

0.0125 

0.0008 

0.016 

0.0168 

Correlation 

0.93751 

0.9867 

0.95353 

0.71684 

0.97686 

0.99372 

0.17223 

0.9732 

0.95064 




Tabla 16 (*, b, c) UV absorbance change* of (a) uncro* a -linked ud (b) cro**-ljnked EVA (Formula A9916) 
and (c) croat-llnked EVa (Formula A9918 + Luparaol 101) film* vrltb outdoor exposure 
time 


tTV absorbance at 287 na 

Outdoor Exposure 711b Samples Fils Sample* 

Toronto Summer Day* EVA (A991B) uncrosa -linked EVA (A9918) crosa-linked 

Onexpooed Dupllcataa Ooexpoaed Duplicates 


Film Samples 
EVA(A9916) ♦ catalyat 
cross-linked 
Unexpo* ad Dupllcataa 



1 & 213 

# 212 

# 221 

$ E45A 

t 98 

t 216 

# RST2 

I 64 

# 16 

0 

1.329 

1.360 

1.440 

1.092 

1.392 

1.500 

1.050 

1.254 

1.545 

0.506 

1.356 

1.420 

1.447 

1.105 

1.439 

1.535 

1.122 

1.269 

1.526 

2.662 

1.440 

1.473 

1.512 

1.167 

1.475 

1.597 

1.096 

1.316 

1.599 

5.3624 

1.507 

1.573 

1.576 

1.212 

1.546 

1.623 

1.116 

1.352 

1.692 

7.474 

1.526 

1.540 

1.591 

1.152 

1.551 

1.667 

1.074 

1.455 

1.72? 

10.107 

1.536 

1.576 

1.637 

1.192 

1.561 

1.699 

1.087 

1.453 

1.760 

Slope m 

0.0212 

0.0161 

0.0199 

0.0089 

0.0177 

0.0187 

0 

0.0213 

0.0266 

Correlation 

0.94793 

0.97842 

0.96702 

0.75126' 

0.95935 

0.98035 

-0.00308 

0.97006 

0.9888 


Table 17 (a, b, c) Changes of tJV abaorbaaca of (a) uncroaa-llnkad and (b) croea-linkad EVA (Formula A9918) 
and (c) cross-linked EVA (Fonsula A9916 + Luparaol 101) fills* with outdoor expoeura time 


UV absorbance difference at 210*210 on 

Outdoor Exposure Film Sample* Film Sample* Film Sample* 

Toronto Sumner Day* EVA (A9918) uncrosa-1 inked EVA (A9916) cross-linked EVA<9918) + catalyst 

croaa-linked 

Duplicates Dupllcataa Dupllcataa 



* 212/B213 

* 221/R2U 

t 98/RASA 

* 216 /RASA 

» 64/RST2 

# 16/RST2 

0 

0.3039 

0.4095 

0.4095 

0.2412 

0.393 

0.5316 

0.506 

0.1406 

0.1653 

0.4685 

0.5366 

0.3518 

0.5611 

2.862 

0.1059 

0.1257 

0.3567 

0.492 

0.3435 

0.6603 

5.3824 

0.1257 

0.195 

0.4095 

0.4656 

0.4392 

0.7758 

7.474 

0.03 

0.0861 

0.413 

0.4857 

0.455 

0.8154 

10.107 

0.1026 

0.2049 

0.4706 

0.525 

0.459 

0.871 

Slope m 

-0.0155 

-0.0135 

0.0026 

0.0134 

0.0106 

0.0334 

Correlation 

-0.67885 

-0.50042 

0.24714 

0.49033 

0.82425 

0.98425 
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Slope n 0,0017 0,0019 0.0024 0.0022 

correlation 0.95743 0.98485 0.97468 0.95857 


Table 20 Elemental analysis oC u n e xp o sed and irradiated EVA films 
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Fig* 6b. Flvax 150, crosslinked UV Abs. changes at 215 on 

Fig* 6a.' Klv&x 150, uncrosslinked UV Aba. changes at 215 nm Accelerated ager exposure. 
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Fig. Al. A9919, croasllnked, UV Aba. changes at 287 nm, 327 nm and 400 nm. 
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Fig. A2, A991$, cros3linked UV Abs. changes at 215 nm, 


